Welded joints are one of the most widely applied methods to join different steel components. However, they introduce stress concentrators that are commonly known to reduce the fatigue strength of structures. Several methods have been developed to assess the fatigue behavior of welded components, such as the Notch Stress Intensity Factors (NSIFs) approach. However, this approach has been reported to be geometry dependent, and does not allow for a direct comparison of failures occurring at the weld toes with those occurring at the weld roots. This drawback has been overcame by considering the value of the strain energy density (SED) range averaged in a control volume ahead of the notch tip. More than 900 fatigue data of welded joints have been summarized within a single scatter band ∆W-N (strain energy range-umber of cycles to failure) using this approach. The reliability of the just mentioned scatter band in summarizing the fatigue data of real components such as steel welded rollers produced by Rulmeca is herein evaluated. The results prove the reliability of the SED approach to assess the fatigue behavior of welded rollers, paving the way to its diffusion in assessing real components.
Introduction
Welding procedures have allowed the simple realization of many complex structural connections in several different applications, such as bridges, cranes, offshore structures, and buildings [1] . Besides the optimization of the process parameters [2] [3] [4] , researchers have focused on the fatigue behavior of welded components. All the aforementioned applications are in fact subjected to repetitive loading and hence the fatigue of welded structures has become one of the greatest matters of concern [5] . Welds represent local regions of higher stresses (i.e., stress concentrators) and fatigue failure is widely known to be sensitive to local peak stresses. Thus, over the years, several methods have been developed to assess the fatigue behavior of welds, and among these the Notch Stress Intensity Factor (NSIF) approach is worth mentioning [6] [7] [8] . In fact, since experimental observations have revealed that the most used welding procedures, such as arc and laser welding, are characterized by a very small weld toe radius, it is acceptable to model it as a sharp notch and the fatigue behavior can thus be correlated to the NSIFs [9, 10] . Fatigue life can be divided into two different phases; i.e., nucleation and growth of cracks-and NSIFs were found to be able to predict either the initiation phase or the whole fatigue life [11] [12] [13] [14] . This holds when the majority of the propagation phase has been spent within the region governed by the stress singularity. Several studies proved this behavior. Lassen demonstrated that in transverse, non-load-carrying joints manufactured via different welding procedures the nucleation of non-load-carrying joints manufactured via different welding procedures the nucleation of a 0.1 mm long crack required up to 40% of the whole fatigue life [15] . In addition, Singh et al. reported that in load-carrying AISI 304L fillet joints up to 70% of the fatigue life was spent propagating the original lack of a penetration crack of 0.5 mm [16, 17] . However, the results are highly dependent of the on the stress distribution ahead of the point of singularity and, since time consuming FE analyses are required, this has limited the diffusion of the NSIFs approach in the assessment of real structures. Furthermore, the main limitation of this method consists in its geometry dependency. Its unit depends in fact on the notch opening angle according to Williams' formulations [18] . Different notch geometries are not thus comparable but ad-hoc material properties are required for each geometry. A breakthrough in the fatigue assessment of welded joints is represented by the strain energy density (SED) method, capable of overcoming all the limitations of the NSIFs approach [19] . The SED is evaluated averaging the range value of the strain energy in a cylindrical volume sector of radius Rc centered at the notch tip. According to this approach, fatigue failure occurs then this scalar quantity reaches its critical value ΔWc. Both the radius Rc and the critical energy range ΔWc. depend only on material properties [11] and shall be assumed to be independent of the load mode. Using this approach, Livieri and Lazzarin [20] summarized more than 600 experimental data obtained from different welded joints within a single narrow SED scatter-band. Failures occurred either at the weld root or at the weld toe. This work has then been extended by Berto and Lazzarin [21] , including hollow section joints, and now more than 900 fatigue data are summarized in a single scatter band as depicted in Figure 1 . Moreover, the SED approach has been also reported to be a reliable tool in multi-axial fatigue assessment. Berto and Lazzarin [22] in fact resumed several experimental fatigue data obtained for structural steel within a single scatter band, drawn according to the following two assumptions: First, the critical value of strain energy density is considered to be independent from the type of loading in the high-cycle fatigue regime, and its value at 2 × 10 6 cycles has thus been imposed equal to that obtained for welded joints under uniaxial loading; a slope equal to 5/2 as suggested in Ref. [23] has been used. The approach has then been successfully applied to either the tensile or fatigue assessment of several notched materials, from metals [24] [25] [26] [27] [28] [29] [30] [31] [32] to polymers [33] [34] [35] and ceramics [36, 37] .
Recently, the SED approach was also preliminarily applied to the fatigue assessment of real components, such as rollers (Figure 2 ) produced by Rulmeca [38] . Besides surface pitting due to Moreover, the SED approach has been also reported to be a reliable tool in multi-axial fatigue assessment. Berto and Lazzarin [22] in fact resumed several experimental fatigue data obtained for structural steel within a single scatter band, drawn according to the following two assumptions: First, the critical value of strain energy density is considered to be independent from the type of loading in the high-cycle fatigue regime, and its value at 2 × 10 6 cycles has thus been imposed equal to that obtained for welded joints under uniaxial loading; a slope equal to 5/2 as suggested in Ref. [23] has been used. The approach has then been successfully applied to either the tensile or fatigue assessment of several notched materials, from metals [24] [25] [26] [27] [28] [29] [30] [31] [32] to polymers [33] [34] [35] and ceramics [36, 37] .
Recently, the SED approach was also preliminarily applied to the fatigue assessment of real components, such as rollers (Figure 2 ) produced by Rulmeca [38] . Besides surface pitting due to contact fatigue [39, 40] , rollers are in fact affected by fatigue failures at the weld root. The bearing housings of the rollers are joint to the tube body by means of welding procedures. Although the connection between the bearing housings and the tube body is fundamental in preventing any imbalance in the roller, it is responsible to the fatigue failure of the rollers due to the lack of penetration at the weld root. contact fatigue [39, 40] , rollers are in fact affected by fatigue failures at the weld root. The bearing housings of the rollers are joint to the tube body by means of welding procedures. Although the connection between the bearing housings and the tube body is fundamental in preventing any imbalance in the roller, it is responsible to the fatigue failure of the rollers due to the lack of penetration at the weld root. This work aims to further analyze the problem of fatigue failure at the weld root and to assess the reliability of the SED scatter band reported in Figure 1 in their assessment. Hence, firstly, new fatigue data sets have been obtained for three different roller types; i.e., PSV2, PSV4 and PSV5-and each roller type was characterized by different dimensions. Then, the new fatigue data together with those reported in Ref. [38] were analyzed in terms of SED, and they have been shown to be satisfactorily resumed by the scatter band obtained in Ref. [21] . This represents a breakthrough in the fatigue design of rollers, and in general of welded structures, since the SED scatter band reported in Figure 1 can be reliably used to predict the fatigue behavior of real components, whether they fail at the weld root or at the weld toe.
A Brief Description of the Strain Energy Density Approach
Considering the SED criterion [19] statements for dynamic loadings, fatigue failure occurs when the strain energy range W  averaged in a control volume of radius Rc ahead of the crack tip reaches its critical value ΔWc. Simple analytical formulations have been obtained in Ref. [19] for the assessment of the critical value of the strain energy density range ΔWc (Equation (1)) and of the critical radius Rc (Equation (2)):
where ΔσA is the fatigue limit of the material without geometric singularities, E is the Young's modulus of the material, λ1 is Williams' eigenvalue for mode 1 [18] ,
is the amplitude of the Notch Stress Intensity Factors (NSIF) fatigue threshold, and e1 is a parameter dependent either on geometrical parameters (the notch opening angle 2α) or on material properties (the Poisson's ratio ν).
The reader should refer to Ref. [19] for e1 formulation. Dealing with rollers, the control volume is a circle centered at the weld root tip (blue circle in Figure 3 ), and its radius, as well as the critical strain energy density range value, is only dependent on the material [11] . This work aims to further analyze the problem of fatigue failure at the weld root and to assess the reliability of the SED scatter band reported in Figure 1 in their assessment. Hence, firstly, new fatigue data sets have been obtained for three different roller types; i.e., PSV2, PSV4 and PSV5-and each roller type was characterized by different dimensions. Then, the new fatigue data together with those reported in Ref. [38] were analyzed in terms of SED, and they have been shown to be satisfactorily resumed by the scatter band obtained in Ref. [21] . This represents a breakthrough in the fatigue design of rollers, and in general of welded structures, since the SED scatter band reported in Figure 1 can be reliably used to predict the fatigue behavior of real components, whether they fail at the weld root or at the weld toe.
Considering the SED criterion [19] statements for dynamic loadings, fatigue failure occurs when the strain energy range ∆W averaged in a control volume of radius R c ahead of the crack tip reaches its critical value ∆W c . Simple analytical formulations have been obtained in Ref. [19] for the assessment of the critical value of the strain energy density range ∆W c (Equation (1)) and of the critical radius R c (Equation (2)):
where ∆σ A is the fatigue limit of the material without geometric singularities, E is the Young's modulus of the material, λ 1 is Williams' eigenvalue for mode 1 [18] , ∆K N 1A is the amplitude of the Notch Stress Intensity Factors (NSIF) fatigue threshold, and e 1 is a parameter dependent either on geometrical parameters (the notch opening angle 2α) or on material properties (the Poisson's ratio ν). The reader should refer to Ref. [19] for e 1 formulation. Dealing with rollers, the control volume is a circle centered at the weld root tip (blue circle in Figure 3) , and its radius, as well as the critical strain energy density range value, is only dependent on the material [11] . (2) gives a critical value of the radius equal to 0.36 mm. However, being on the safe side, an Rc value of 0.28 mm has been used in this work also for failures occurring at the weld roots.
Geometry
In this report rollers belonging to the series PSV were studied. Representing the state of the art of Rulmeca's production [34] , these rollers are widely required for conveyors in applications characterized by high working load and by the need to convey large lump size materials. The main components of the roller are reported in Figure 2 and their functions are widely described in Ref. [38] . Among them, the feature investigated in this work is the joint between the roller shell (tube) and the bearing housing, where the failure occurs. Joining these two features optimizes the roller performance, avoiding any imbalance in the rollers and allowing their use at the highest speeds. However, although weldment is of utmost importance for a proper roller operation, it represents the weakest point of the structure considering fatigue behavior, since the lack of penetration at the weld root (Figure 4 ) leads to the final failure of the roller (Figure 4b,c) . The value of the critical radius has been obtained by leveraging on previously published data either for failures at the weld root or at the weld toe. Concerning the former, considering the value of 211 MPa mm 0.326 for the amplitude of the Notch Stress Intensity Factors ∆K N 1A obtained by Livieri and Lazzarin [41] for the transverse non-load carrying fillet welded joints, and that of 153 MPa for the fatigue strength ∆σ A of butt ground welds obtained by Taylor at al. [42] , the critical value R c for steel welded joints corresponds to 0.28 mm. Dealing with the case of failure to occur at the weld root, instead, considering ∆K N 1A = 180 MPa mm 0.5 , Equation (2) gives a critical value of the radius equal to 0.36 mm. However, being on the safe side, an R c value of 0.28 mm has been used in this work also for failures occurring at the weld roots.
In this report rollers belonging to the series PSV were studied. Representing the state of the art of Rulmeca's production [34] , these rollers are widely required for conveyors in applications characterized by high working load and by the need to convey large lump size materials. The main components of the roller are reported in Figure 2 and their functions are widely described in Ref. [38] . Among them, the feature investigated in this work is the joint between the roller shell (tube) and the bearing housing, where the failure occurs. Joining these two features optimizes the roller performance, avoiding any imbalance in the rollers and allowing their use at the highest speeds. However, although weldment is of utmost importance for a proper roller operation, it represents the weakest point of the structure considering fatigue behavior, since the lack of penetration at the weld root (Figure 4 ) leads to the final failure of the roller (Figure 4b,c) . (2) gives a critical value of the radius equal to 0.36 mm. However, being on the safe side, an Rc value of 0.28 mm has been used in this work also for failures occurring at the weld roots.
In this report rollers belonging to the series PSV were studied. Representing the state of the art of Rulmeca's production [34] , these rollers are widely required for conveyors in applications characterized by high working load and by the need to convey large lump size materials. The main components of the roller are reported in Figure 2 and their functions are widely described in Ref. [38] . Among them, the feature investigated in this work is the joint between the roller shell (tube) and the bearing housing, where the failure occurs. Joining these two features optimizes the roller performance, avoiding any imbalance in the rollers and allowing their use at the highest speeds. However, although weldment is of utmost importance for a proper roller operation, it represents the weakest point of the structure considering fatigue behavior, since the lack of penetration at the weld root (Figure 4 ) leads to the final failure of the roller (Figure 4b,c) . The length of the lack of penetration, indicated as c in Figure 3 , has been determined carrying out micrographic analyses on the welded rollers, resulting in a value of c in the range between 0.6 and 1.0 mm. As reported in Ref. [38] , the SED value is slightly affected by a variation of c in this range, and thus the length c = 1 mm is set in all the analyses.
The rollers tested in this work belong to three different types of rollers; i.e., PSV2, PSV4 and PSV5. The geometrical parameters are listed in Table 1 in addition to the rollers tested in Ref. [38] ; i.e., PSV4 133 315 and PSV4 159 530. See Figure 5 for an explanation of the meaning of the geometrical details. Figure 5. Geometry of the rollers.
Results
Seven different roller geometries have been tested under fatigue; i.e., PSV2 133 315, PSV2, PSV2 133 600, PSV2 159 380, PSV2 159 600, PSV4 159 530, PSV5 133 315, PSV5 159 530. The test system mimicking the in-service conditions of the rollers was developed by the authors. An external The length of the lack of penetration, indicated as c in Figure 3 , has been determined carrying out micrographic analyses on the welded rollers, resulting in a value of c in the range between 0.6 and 1.0 mm. As reported in Ref. [38] , the SED value is slightly affected by a variation of c in this range, and thus the length c = 1 mm is set in all the analyses.
The rollers tested in this work belong to three different types of rollers; i.e., PSV2, PSV4 and PSV5. The geometrical parameters are listed in Table 1 in addition to the rollers tested in Ref. [38] ; i.e., PSV4 133 315 and PSV4 159 530. See Figure 5 for an explanation of the meaning of the geometrical details. The length of the lack of penetration, indicated as c in Figure 3 , has been determined carrying out micrographic analyses on the welded rollers, resulting in a value of c in the range between 0.6 and 1.0 mm. As reported in Ref. [38] , the SED value is slightly affected by a variation of c in this range, and thus the length c = 1 mm is set in all the analyses.
The rollers tested in this work belong to three different types of rollers; i.e., PSV2, PSV4 and PSV5. The geometrical parameters are listed in Table 1 in addition to the rollers tested in Ref. [38] ; i.e., PSV4 133 315 and PSV4 159 530. See Figure 5 for an explanation of the meaning of the geometrical details. Figure 5 . Geometry of the rollers.
Seven different roller geometries have been tested under fatigue; i.e., PSV2 133 315, PSV2, PSV2 133 600, PSV2 159 380, PSV2 159 600, PSV4 159 530, PSV5 133 315, PSV5 159 530. The test system mimicking the in-service conditions of the rollers was developed by the authors. An external 
Seven different roller geometries have been tested under fatigue; i.e., PSV2 133 315, PSV2, PSV2 133 600, PSV2 159 380, PSV2 159 600, PSV4 159 530, PSV5 133 315, PSV5 159 530. The test system mimicking the in-service conditions of the rollers was developed by the authors. An external counter-roll presses the tested roller, which rotates with a constant speed, with a constant pressure, applying the load. Further details about the test system can be found in Ref. [38] . The fatigue results for each geometry are reported in Tables 2-8. In Table 6 the fatigue results obtained in Ref. [38] are also reported. In addition, in Table 9 the experimental data obtained in Ref. [38] for PSV4 133 315 are resumed. Data characterized by * were already presented in Ref. [38] .
The fatigue data reported in Tables 2-9 have been analyzed in terms of the SED range by means of FE analyses (details on FE models can be found in Ref. [38] ). The results have been compared with the scatter band presented in Ref. [21] . It is worth mentioning that the just mentioned scatter band has been obtained by mostly considering welded joints that fail at the weld toes ( Figure 6 ). It can be seen that the scatter band previously obtained allows reliable predictions of fatigue strength of different roller geometries that fail at the weld root. Therefore, the aforementioned scatter band has revealed to be a reliable tool for the assessment of the fatigue failure of the welded joints regardless of the location of the failure. 
Conclusions
The SED approach has been herein used to assess the fatigue behavior of different types of PSV rollers, representing the state of the art of Rulmeca's production. These rollers are subjected to fatigue failures because of a lack of penetration of the weld root connecting the bearing housings to the tube body. Fatigue tests on seven different roller geometries have been carried out and the results have been analyzed in terms of SED. Together with the data obtained in Ref. [38] , they have been reported to fall within the scatter band ΔW-N (strain energy range-number of cycles to failure) obtained in Ref. [21] that summarizes about 900 fatigue data obtained from welded joints characterized by different main plate thicknesses, different transverse plates, and different bead flanks. Although this scatter band was obtained with the majority of the failures occurring at the weld toes, it provides reliable predictions of the fatigue behavior of welded joints with failures from the notch root; i.e., the considered roller geometries.
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